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ABSTRACT 

Tensile tests under pressure have begun on MASA Nickel- 

Base Alloy 'EAZ-8. 

Flatid-to-fluid eXm8ioxB have been conducted s K c c @ s i 3 f U l l ~  

on aeries 300 Mar-AgPng steels, both annealed and hardened. 

Several lubricants have h e n  evaluated fn  the f lu id - to -  

f l u i d  extrusion of steel, Excellent findshes can be produced, 
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' b o  Genera1 

The usual types ~f extprtsion and extrusion e q u i p n t  rare 

welldetailed in reference 1 for both hot and co ld  operation. 

A l l  are characterized by the relative motion of a b i l l e t  

through B die or over a mandsal by the force of a s o l i d  ramo 

Brldgmm (reference 2) described attempts at extrusion 

with the conventional rm replclced by f lu id  pressure, 

found that greater reduction8 i n  area were possible with the 

f h i d  technique compared to the ram method 

he also found that yet larger reductions i n  area resulted en 

"spitting out of the metal. in gulps", 

He 

Unfortunately , 

In the fluid-extmaion proeesa, the billet does not con- 

tact the chamber w a l l .  Consequently, Brfdgman reasoned, the 

k i c t i o n  of the b i l l e t  QR the chamber w d . 1  usual during the 

ram-type extrusion would not be present with the fluid-type 

extrusiono This friction force with the t a ~ ~  mey be so great 

as to prevent the exbcusion of long b i l l e t a - i f  ram force is 

hreaaed the cbatmr wall may ruptuxe uncles the pressure. 



. 
V 

B r i d p n  concluded that the E hid-extrusion methud might 

offer possibi l i t ies  if greater reductions of area were effected 

Most recently, several expeshenters have used f l u i d  pres- 

sure Pa one or more ways i n  the extrusion proceas, with often 

British research in the f P e l d  of f laid-pressure extru- 

sion has been of two types: 

a) Ram extrusion into P high-pressure chamber 
(references 38, 4 ,  and 51, and 

b) Fluid-pressure extrusion into atmospheric 
pressure (references 3b, 4. and 5) 

Ram extrusion into a high-pmssure chmber revealed that 

metals that are d i f f i c u l t  to extrude by conventional means 

could be handled by t M s  technique, 

W a t h  a reduction in area of 66%, and exhibited exeellent finish, 

Magnesium was extruded 

It is noted that surface finish was better a t  lower f l u i d  pres- 

8W68 (11,600 p,soi,) than at BSgher (h28,000 p0sei,), 

Bisnnrth was also emttruded (reduction i n  area of 56%) 

without dif f icul ty ,  with g d  eurface finish st pressures of 

20,000 p o s o b o  It was believed that this  technique offers -0 

advantages;: 



I 

I 

i) 

ii) 

Extruded shape8 cau be produced of materials 
not previously extrudable and 

%eat treatment after cold plarstlc deformtation 
of b r i t t l e  materids could lead t o  a refined 
grain size thereby endowing the metal with 
some d u c t i l i t y ,  

It is noted t h a t  tubes were extruded by t h i s  method alsoo 

A 60/40 brass that rmwextruded as t iny pieces was exfxuded 

as a tube (74% area reduction) in one piece, although cracked, 

A 8  f luid pressure increased, there was a tendency for 

the microstructure' of the extruded product t o  decrease the 

amount of twinniw. - 

Fluid-pressure extrusion into atmospheric pressure 

revealed : 

a) Wall f r i c t i o n  3.8 elimirnated, reducing extru- 
sion pressures; 

Small d i e  angles can be used, rgduchg extru- 
rsion psessures; 

h g  b i l l e t s  can be extruded 
i) because of reduced f r i c t ion ,  and 

ti) because of continuous lubrication of the 
d i e ;  

Since the fluid pressure supports the exter?.or 
of the d i e ,  thinner d i e  walls can be used; 

Physical properties are amre uniform across 
the cross-section of tbe extrudedl material, 
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Soviet research (reference 6 )  bas been aI0ng s i d l a r  

linea except  that this group added fluid-sxerusion into a 

pressurized chamber as a third mthod, d i s c l o s e d  during 1959. 

some results 

a) 

of f luid-pressure catrmsian were: 

BrelMnwry tensile tes ts  under fluid presswe 
yielded 67% seduction in area for a steel apeci- 
men of Rockwell rC-60; 

There were auccessl!uully cold-extruded steels , 
copper, and alunnimn alloys; 

Beverse extrusion can be done by fluid-pressure 
methods; 

The differential  pxsssure t o  fluid-extrude 
alaroDinuPn into a pressurized region i s  h d e -  
pendent of pressure level; 

Different f Pudds produce different finishes 
and ategujire dfffexent extrusion pressures; 

The extruded metal carries a thin fLuBd layer 
through the die fr~r C O n ~ h U O U 8  lubrication; 

D i e  wear is greatly reduced; and 

Xardness across th cross-sectfoa of f lu id -  
extruded metals w.58 very uniform, in contrast 
with that for ram extrusions 

The Soviet apparatus i s  dewxibed in reference 7 ,  and i r s  

S i d h x r  tcz its Br€tish and h r f c a c  counterparts excepe for 

additional features contributing to ease of operation, 

could be used to extrude tubing, as we11 as prof i led  shagea. 

It too 

- 4  
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‘slhe extxemely large reductisn~ possible by f luid extru- 

sion axe not usudhy achievable i n  m y  other way. 

of over 90% axe repeatedly achieved, For example, reference 

8 tells of a 90% reduction obtained w%th a 0,7% Pe 9 S i  + Cu 
a1Wnum alloy with a fluid pressure of 67,000 petlei ,  

ference 9 mentbns a A7%-carbon iron with 98% reduction by 

multiple passes, resulting i n  ult-te tensile strength of 

about 140,000 p , s ,%,  althwgh only. with about 1% elongation 

in a gage length of 10 d~anaeters  (compared to usual 4-diameter 

gage lengths) 

Reductions 

Re- 

The! best explanation far the combination of results thus 

obtained appears to be that the hydrostatAc-preesure environ- 

ment provides certain ducti l i ty  benefits not present i n  ram- 

type extrusion, I 

I 
The entire process i ~ i r  essenttally deformtion 

I 

I 

of a s o l i d  by ahear while under pressure. 

ahis  program is  concerned with: 

a) The suitabi l i ty  of fluid-to-fluid extrusion 

b) The properties of materials that have been 
successfully fluid-to-fluid extruded e 

for several matertals, and 

- 5 -  



XI, TechPcaII 

A, Preliminary 

The stresses on a solid roay be classified 68 direct 

(normal) and shear, If three mutually orthogonal planes 

are chosen on which shear i s  ZCFO (which can always be done), 

- the resulting normal. stresacis are the principal. stre8ses, 

sa , 82 , and sa The average of these principal stresses 

is  the hydrostatic component of stress, I conpression taken 

as posdtive. 

B - ( 8 2  + sa + ss)/3 
The princigal-stresses-Be8s..s are the paAncigarl-stress 

deviators,, 

8 8%' - 81 - s; Q2 = 82 - 0 ;  

8 3 )  - 83 - 80 

The second devfatoric stress bvartant, &' may be given as 

Jz' is  frequintly used as a critexion for plastic f law,  

value i s  hand at tb anset of y ie ld  Par a misxia1 (usually 

Ithp 

tensile) test, say Jz' (crit). Whenever J ' i n  a mu).tbaxiab 

condition exceeds the value Ja' (crit), tlaeory states that 

plastic flow w i l l  occur (zeference 10) 

2 

2 - 6 -  



Bo Brittleness and Duceb%ity 

Brittleness 3.8 chaxacterilzed by h c k  of permanent d s f o m -  

tton aftex fracture i n  a mechanical test, or at  met  very 

l i t t le  d e  f orma tfan Duc ti Ri ty (para 8 tic L t y ) cowno tes tappreclat le 

permanent deformation convertdye 

Along with Wadai (reference 4, gage 58), this report 

does  not descrlbe materials as either brittle or ductile, bus: 

speaks of the "brittle state" or "duethh? state'' of a material, 

The reason for this usage is that a given aaatew3.d m y  be 

either in brittle state ox d u c t i l e  state according t o  i ts  

I 

t 

temperature, external pressure, a d  sc=cas.bonall.y f luid snvbroxment. I 

I 

I 

A uaual method of expressing amount of duetiILty-is by per- 

centage reduction i n  area a t  the neck of IP tenstle specimen, 

Also frequently used ie the percentage elongat%on in h gage 

length fouz diameters long, 

I 

I 

C. Brittle-Ductile Transition (BDT) 

h d a i  (refereace 11, page 58) states, 

''Teati of materials carried out under high prcrs- 
B u r e  rhow, h V @ r ,  tbat the so-called 'brLttLe' 
materials, without exception, m y ,  under euftable 
mechanical conditions, be brought into the p las t i c  
state.'' 



. 



similarby showed that as the pressure of the f l u i d  enviroment 

increased, the punched disc could l;e forced nearly through the 

entire sheet thickness without frar: ture 

Other investigators s i m i l a r l y  have foband for many materials 

that amount of defa~mcntion-withou~,-fracture can be increased 

i n  compression and torsion t e s t s  ishen under pressure. 

- 9 -  
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111 Analysis 

When a s o l i d  under pressure, p , i s  subjected t o  m i -  

axial tension, SI , the average hydrostatic stress is 

(3py 91)/3 = S Q  

Simllarly, in uniaxial compreseion, SI , the average 
hydrostatic stress is 

(3pc + 8r  ) / 3  s o  

Assuming the BDT pressure under pure shear t o  be Sb = pb, 

it can be seen that 

Pc c pb ..s P, 

This relationship explains qualitatively the fast paragraph 

in section T I C  where exper~.demtalLy it 1s found that pc pt 
.- 

Actually,-- on mabstitudng experimental values of yield 

I stress under pressure ( a s  froin reference 5 ,  pages 208-209)D 

I the observed variation af BDT pressure with sense of stress 

~ may be made quantitative.  

~ 

The usual assumption in a l l  p last ic i ty  theory 18 that 

I &' i s  independent sf pressure. %t f a  n0trrd that fn the car- 

I cufation indicated above, the actual values of y i e l d  points 

in tension and cmpressllon were not the same, exhibiting the 

- 10 - 



I 
basic inadequacy of Che assapt ion of J2 ' pressure-independence 

I Soviet litcrotmre tends t ; ~  carsoboaate that Jz' should be re- 
I 

garded a8 a function Qf other variables such as average stres81, 

a t  least, in sane  caseso 



IV, Theory 

The theory tha t ,  from many points of view, moat adequately 

explain8 the phen~m- described in the background portion of 

this repor: is a variat ion of the microcrack theory. 

postulated tha t  microcracks &et  as 8wh, but it is  believed that 

Z t  is not 

crack-like defects  -- having c1~sd .y  conforming surface, i n t e r i o r  

to a solid, that do not cohere -0 may be present, 
4 

It is fur ther  postulated that hydrostatic pressure alone 

does not affect these cracks, but t ha t  the combination of shear 

and pressure can heal cracks and/or suppress their propagation 

(in tbe absence of excessive s t r e s s  gradients),  

For example, the f a i l u r e  of a t ens i l e  specimen begins 

with an in t e rna l  crack i n  the region of highest shear (the neck) 

of the specimen,, 

t h i s  inc ip ien t  crack must be healed by the shear-cum-pressureo 

It was noted that d u c t i l i t y  does increase with pressure, lend- 

ing credence to the healed-crack tb@oryo 

If d u c t i l i t y  is t o  increase with pressure, 

It has been noted i n  many places (reference 14) that cold 

work frequently results i n  an increase in microcracka (not 

dis locat ions) ,  

suppression on t h i s  basis, 

The W T  appears to be an example of crack 



Results ~f U ~ C ~ O S C Q ~ ~ C  sheaf genezated i n  the austenite- 

martensite transformation under pressure (by ~ o l l i n g  a t  cryo- 

genic temperatures of types 301 end 302 stainless s tee le )  

support this  view, 

The results of punching under pressure mentfoned earlier 

are d i r e c t l y  explainable by the crack-haling theoq , 

It is  believed tkat direct experimental evidence t o  sub- 

stantiate or to  contradict t h h  theory should be sought, 

however, i s  not the pr-ry subject of this report ,  

This, 

This theory has been mentioned here to explain soam re- 

sul ts  of the fluid-extaeusion process. 



. 
I 

V. Experimental 

Fluid pressure can be used i n  extrusion in three ways: 

b) f luid-pressure extrusion (replacing the ram) 
i n t o  atmospheric-pressure, and 

c) fluid-pressure extrusion into a region bf lower 
(yet considerable higher than atmsspherk) 
pressure. 

A t  t h i s  point, only c) w i l l  be considered, ncatnely, 

fluid-pressure extrusion in to  a pressurized region, 

If th4! precceeding theory has val id i ty ,  

a) physical properties should be enhanced over ram 
extrusion, 

b) br i t t l e  materiala should be extrdable (or those 
with l b i t e d  capacity for cold work), a d  

c )  greater duct i l i ty  of the work should man greater  
reductions possible, p s r b p s  a t  lowered pressure, 

Freliadnary results  from references 3a a d  3b support 

these inferences: 

a) Bi and big d i f f i c u l t  to extrude because of l i m i t e d  
Capacity for Cold Work, @XfXUd@ eas i ly  a d  With 
g o d  surface finisb, i n t o  a pressurhzsd region; 

b) Ugh reduction ratios (up t o  96% for an aluminum 
alloy) were achieved; and 

c) extrusion pressures were lowered, 

- 14 - 



Results fzon translated Russian sources corroborate these 

results: 

Other results from abroad have :tndtcated that phyeicd 

properties are m e  miform across the cross-section of f l u i d -  

extruded materhl than fo r  ram-extruded orsaterfal, 

The general conclusion Ls that mtter ia ls  ordinarily 

thought to be d i f f i c u l t  to co ld  work to an appreciable extent 

m y  in fact be extruded d e r  pressure, and wfth good f h i s h ,  

large reductions, and i n  long Pengths, B r o f P R d  shapes were 

8UCC@SSfUlly extruded alms (reference 6 ) ,  wtth some elementag 

precautionlr in d i e  design, 



Teneile T e s t s  Under Pressure 

The tensi%e t e s t s  under pressure were performed in a 

012 the spcimem, The same piston that coaepreescs the! pres- 

surizing f luid also loads the tensile fixture, The tensile 

data are taken a8 piston displacement versus primary pressure, 

An elastic magnifier, load semithve ,, facreases seasftdvdty 

in the elastic range by a factor of 20:f0 b a d  sens i t iv i ty  

is plus-or-minus 500 P o S o i 0 0  stre88 senssitiviley is plus-or- 

minus 5000 p - 8 i (, , a ~ d  displacement s@nei.ttvity f8 0,0005 

inch in the plastic range, 0,00003 inch Pn the e lasth  rass-ge, 





The entire tensile apparatus %s a standard Alpha-Press with 

tensile-test accessories, manufacteowed by Pnessure Technology 

Corporation of America 

Fluid - to-Fluid EX trusion 

Fluid-to-fluPd extrusion is performed i n  a staidard 

Beta-Press { f hid-to-f luid extrusion machine), manufat&wed 

by Pressure Technology Corporation af America, The prin:i- 

p lc  of the process is  shown hn figure 2 ,  

eel b~ fluid pregsure into fluid preesure , 

sure is  t e s d  p 

(p + Ap 3- dp) where Ap is the pressure differential  required 

to fluid-extrude the specific material into atmospheric pres- 

sure, and dp is  a correction factor t o  account for changes 

(if any) in the! differential presswe as  the pressure 1@ve% 

rises. 

A b i l l e t  i s  extrLd- 

The receiver pres - 
The extrusion pressure is symbolized 

The term A p  should be correlatable wtth J a g ,  &e 

criterion for yield, 

the hydrostatic component of stpem, 8 a 

The term dp should be 8 function of 

mterf.818 

Three materials have been studied t o  date, The first is 

8 300-eerias Mar-Aging steel of trade Almar 18 (300), 

- 17 - 
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Annealed 
Annaslled 

Hardened 
Xardened 
tiardened 
Hardened 

127 05 
122 0 2 

15 7 I 154 
71 I 12 

~~ 

* 4 5  
58 

273 37 - .- 



The t h i r d  material was NASA NPckel-Base Alloy U 2 - 8  rod, 

as-cast, L/2" i n  diameter, furnished by the sponsor, The n o d -  

nal composition in weight percentages is: 

o 1125 C 
2,s V 
408 W 
400 p'io 
6,O cr 
600 kl 
8,0 Ta 
L O  zr 
Bal P i  

Some prelitndnary data on this alloy are given i n  NASA 

'IN D-1931 of April 1963 ("Continued Investigation of an Ad- 

vanced-Temperature, Tmtalum Modif ied,  Nickel-Base Alloy" s 

by J,C, Freche and W,J, Waters). The rcunn-temperature pro- 

pertleo of three spceciarems of the as-cast alloy were: 

ms. PSI Elongation, X 

133,700 
126,400 
143 , 500 

102 

408 
905 

- 19 - 



I 

114er-Aging Stee l  

As preliminary hravestigation, four billets of hardened and 

two b i l l e t s  of annealed 300-series Mar-Aging steel were re- 

duced by f lu id - to - f lu id  extrusion, 

material were reduced 28L Then one of these was fuoether re- 

Both b i l l e t s  of annealed 

duced 41% by partjlal eKtrusion for 8 cumulative zeduction of 

57x0 

One hardened billet was reduced 28% Another was reduced 

29% and then partially fluid-to-fluid extruded another 40% 

for 57% cumulative reduction, An axial crack formed fn this 

piece,  Another b i l l e t  was reduced 50% in a partfa1 extrusion. 

The last b i l l e t  was reduced succeeslvaLy 50% and 29% in partial 

extrusionr f a t  a cumulative reduction of 65X0 

Although the awealed billets had the heat-treating scale 

r:6ooy6d a8 did a l l  but one of the hardened b i l l e t s ,  one harden- 

ed billet waa fluid-to-fluid extruded with scale ono Soma d 

the scale paeaed h - c t  though the fluid-to-fluid extrusion 

proceas 
- 
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presawee. 

i f  present was the sa- as the UTS, about 124,OQQ posofo 

Percentage ~ e d ~ c t i o n  i n  area was 6 ,  and perccn~age ~ O ~ E E ~ € O R  

in l/Z-inch was 8 ,  The fracture was at OEC fillet at the and 

of the gage length, and m y  not be representative of the pro- 

perties of this materid,, 

A y i e l d  pofrat was not def in i t e ly  discemAble, but 

I 
A I S 1  1015-1020 Stee l  

A ramal% study of lubrication cbracterPstiics of this steel 

in f lu id - to -d lu id  extrusdon was -de, The results are shown i n  

the figure8 3-8 that follow, 

given as a percentage of a nominal value, since they depend OR 

die design, b i l l e t  configuration, surface finish, ad other 

variables. 

an attempted 1104:1 reduction using gasdine, that simply noeed 

the billet moreo Table IX tabulates SBL?C@ adgnificant Znfornaa- 

tion on these tests, all in 40"-nosed b i l l e t s  except as noted, 

The extxassion pressures are 

A l l  reductions were cat a 11,43:1 ratio except for 



Figure 3 -- Fluid-to-fluid extruded AISX 1015-1020 steel, 
Reduction ratio, lubricant, and relative ex- 
trusion pressure showne 





Figure 4 -0 Fluid-to-f luid extruded AISX 1015-1020 slteel, 
Reduction ratho, lubkicai\t, and relative ex- 
trusion pressure are t3how~\~ 





Figure 5 -- Fluid-to-fluid extruded AIS1 1015-1020 steel, 
Reduction ratio,  Lubricant, and relative ex- 
trusion pressure are shown, 





Figure 6 -0 Fluid-to-f luid extruded A I S 1  1015-1020 steel, 
Reduction ratio, lubricant, and relatAve ex- 
trusion pressure are shown, 





Figure 7 0- Fluid-to-fluid extruded AISX ;h015-k020 steel, 
Reduction r a t l o ,  lubricetn, and relative ex- 
trusion pressure axe shown, 





Figure 8 -0 Fluid-to-f luid extxuded AIS1 1015-1020 eteel, 
Reduction ratio, lubricant, and relative ex- 
trusion pressure as shown, 

"FOPo" mesans ''freezing painP' ,, 





Table PI 

Relative 
Resuf ring Surface Pressure, 

Lubricant FFniaEi x Cs-nt 

-.---- 

Dag #20O(PlloS~) 
(am solids) 

1/3 D&200(IMsS~) 

plus 213 Pa. 930 oil 

Pao #30 o i l  

Pa. #30 oil 

Pao #30 o i l  

Pa. ifow o i l  

(10% s o l i d s )  

Water + SP grease +I. 

Slightly sour milk 

213 transformer agl1 
+ 113 kerosene 

2/3 transformer o i l  
+ 1/3 kerosene 
Proprietary EP 
Greaee #Qn 

Proprietary + E 2  
Grease R2 

Proprietary 

Good to Fair 

.I)(..-.. 

Excel, to Gosd 

Excel. to Very Go& 

Very Good to Good 

Good t o  Fair 

Excel. eo Fair 

Excel, to Fair 

---. 

Excellent 

Exeel.. t o  Wery Good 

Good to Fair 

P0ugh 

Raugh Q Wavy 

Excellent 

0-0-  

280 

100 

98 

67 

75 

72 

94 

Freezing 

Water 

72 

255 

pta of 

285 

155 

175 

90 

Mo extrusion: 
fluid s o l i d i f i e d  
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Sn table  11, EP Grease2 fl irs a Soda-base grease whereas 

Pennsylvania oil was EP Grease #2 is  a Lithium-base grease, 

selected instead of Oklahoma or California 0618 because of 

hver Vd8COSity htdOxo Tb slightly sour milk that; was used 

contains a weak acidB a fatty dispersant for lubric i ty ,  dis- 

solved solids for anti-galling action, and unknown biological 

entities. 

face findsh of all materials tried, a d  nearly the. lowest ex- 

trusion presswe. 

The latter gave the best or next to the beet BUT- 

- 23 - 



presented earlier bn this report %nd%ccatd that dcmcracks 

Reafon 

I 

Description 

IEmaaagh ~ ~ 1 d  working has ' 

been done that phyeical 
properties are not r i s ing  sure should exceed the 
as gapidly as in region I 
i n  ordinary meta1wszking. 

UTS and ductility O€ ma- 
terial worked randex pres= 

mime gpropeztgea of matexhisf. 
worked tbe same amounts with. 
out pressure; material work,ci 
by either process should 
show highex otrelagthg and 

region Y o  
Lower d w t i h i t y  than in 

- 24 * 
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E R R A T A  

There I s  no page 25 in this report, 



c 

Begion 

BV 
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REGION I 
I 

STRENGTH 

Figure 9 -- Behavior of a material cold-worked with and without 
pressure, schematic, 

- 27 - 



. 
t 

Point A represents the maximum amount of cold working wfthout 

difference &n propexties under pressure or not, Points B and 

D represent tke xrtax$mm strengths achievable by w o r k h g  without 

and with pressure respectivelyo Points C and E represent the 

strengths a t  zexo duct i l i ty ,  without and with pressure. 

Bridgman (reference 2) draw carbon-steel wise under no 

indeed an %dentical region OA (figure 9 )  for both pracemee 

at small amounts of working. Point: B was not determtned, but 

point C (corresponding to zero duct i l%ty for w i r e  drawn under 

no pressure) was located at a value of In (urigiml area/final 

area) equal t o  1.9, and equal to 430,000 P08.io for 0.026- 

inch w i r @ ,  

of wire greater than 0,026 inch, 

PoSnt D lay at 580,000 peso$, UTS for 8- diameter 

Point  E was Xocated a t  Ln 

(original araa/final. area) q u a l  to %,9, sbwe point C, with 

UTS of 530,000 p,60io  Ductill.ty below point E was 292, RA. 

It can be men chat figurlo 9 dcmo describe thia situation. 

Another example of a Oletalworkfng process under pressure 

i a  fluid-to-fluid extrusion a t  different pressuros for: different 

a r m o u t 8  of cold  working of aluminum (reference 15)- Here one 

finds that for 36,2% reductbon, strength and ductility are up- 
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changed in the raqe from atmospheric pressure to about 905,000 

P o S o i o  pressure. %is corresponds t o  points an OA of figure! 9 .  

For 75,4% reduction, duct i l i ty  rises from nearly 91% RA in 

tensi le  testa  on specimens f l u i d  extruded b t o  atmospheric 

pressure to nearly 942 RA for specimens fluid-to-fluid esttxudd 

into 105,000 p o s o i .  pressureo This tend %s definitely establish- 

I ed by seven data points in the pressuze range given. Similarly, 

I for 7s04% reduction field strength rose f r o m  20,250 P.8.io to 

I 23,400 p08.fo as receiver pressure rose from atmospheric to 

105,000 p , s . i ,  (10 data points). These data establish tkrt 

AB and AB (or parts o f  them) exist as Pn fggure 9,  

The key to  this bbaviox lay in tensile data under .jpressure 

which indicated that RA bncresrsed with preusure, in general, 

Xumerous examples of materials with th&s property are given in 

reference -so muteriala are t e r d  "nornml'~a 

Soma materials increaae less in d u c t i l i t y  than do others 

(18-8 steel compared to l2-,S steel, reference IS), 

materials, w h i l e  ''lac# normal" should yield lesser benefits by 

working in a pressure environment. 

These 
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Finally, 8 ~ m e  matsriah rise in duct i l i ty  with pxessurs 

up to a certain pressurer and then "saturate", that is, 

further increase i n  pressure produces l itt le os no increase 

in ducti l i ty .  An example bs gamma brass and sane steals 

(reference IS), Ttrese steels are termed " ~ ~ O S M ~ O U ~ " ,  For 

these materbIs there is  a finite pressure cold-working above 

which y ie lds  no mre benefit to strength and ductil%tyo 

amples of these ''anomalous" materials exist in literature, 

Ex- 

The conclusion can be reached that proper metalwoxking 

under pressure can lead to improved strength and ducti l i ty  

compared to metalworking without pressure, in general, Further, 

meshanical prapertiee of metals world under presswe derive 

more benefit as the pressure i s  increased, for ''normaL'' 

materials. For "anomalous" materials, there is a limiting 

value of environmental pressure above which no further benefit 

to mechanical properties ts derived, 



The steel-lubrication poogram her csntr;tbutd luzawledge 

on good lubricants for flutd-to-fluid extrusion, for later 

use in this program, 

The Mar-Aging steel results  demonstrate that high yield 

point i s  no impediment to fluid-to-fluid extrusion., 

The tensi le  tests under pressure w i l l  continua, as wPlL 

fluid-to-fluid extrusfon of the several materials under 

S t d Y *  
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